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Johannes B. Huppa and Hidde L. Ploegh proteins, but also for investigation of how, in the ab-
sence of a properly assembled complex, the remainingCenter for Cancer Research
subunits are purged from the ER (Lippincott-SchwartzMassachusetts Institute of Technology
et al., 1988; Bonifacino and Lippincott-Schwartz, 1991;Cambridge, Massachusetts 02139
Hall et al., 1991).
At first glance, there appears to be an incompatibility
between the folding environment of the the ER and theSummary
ability of this environment to remove improperly folded
or incompletely assembled membrane proteins. How isToreach the cell surface, theT cell receptor for antigen
the distinction made between a nascent, incompletely(TCR)±CD3 complex must assemble in the endoplas-
folded polypeptide and a polypeptide chain that hasmic reticulum (ER), where single subunits are retained
exhausted all of its options of reentering a productiveand degraded. However, the exact location of break-
folding pathway? While there is no question that TCRa,down and the mechanism and proteases involved in
unless part of an evolving TCR complex, is destroyeddestruction of free subunitshave remainedelusive. We
before it reaches the Golgi (Chen et al., 1988; Bonifacinoshow that degradation of the TCRa chain is impaired in
et al., 1989), neither the exact site nor the enzymesthe presence of lactacystin and carboxybenzyl-leucyl-
involved in its destruction have been identified (Brodskyleucyl-leucinal, two inhibitors for proteasomal proteol-
and McCracken, 1997).ysis. We identified breakdown intermediates that were
Breakdown of membrane and soluble proteins trans-either soluble, cytosolic, and devoid of N-linked gly-
located into the lumen of the ER can occur in the cytosol,cans, or membrane-associated and partially deglyco-
as shown by several recent examples (reviewed by Kop-sylated by cytosolic N-glycanase. Protease protection
ito, 1997). Genetic evidence inyeast shows that a mutantexperiments showed a cytosolic disposition of these
form of carboxypeptidase Y is retained in the ER and ismembrane-associated intermediates. Combined, these
degraded via ubiquitin-conjugated intermediates (Hillerresults argue for a cytosolic degradation route of the
et al., 1996). US2 and US11, gene products of the humanTCRa chain involving dislocation from theER, followed
cytomegalovirus, facilitate the dislocation of newly syn-by cytosolic deglycosylation and proteolysis by the
thesized heavy chains of major histocompatibility com-proteasome.
plex (MHC) class I molecules from the lumen of the ER
into the cytosol, where they are rapidly deglycosylated
Introduction by N-glycanases and degraded by the proteasome
(Wiertz et al., 1996a, 1996b). Degradation of misfolded
The endoplasmic reticulum (ER) constitutes the main cystic fibrosis conductance regulator and Sec61p like-
port of entry for secretory and membrane proteins: tar- wise involves ubiquitinated intermediates suggestive of
geted by signal sequences, they enter this compartment cytosolic involvement (Ward et al., 1995; Biederer et al.,
mostly cotranslationally, a process understood in con- 1996), although no cytosolic intermediates have been
siderable detail (Rapoport et al., 1996; Schatz and Dob- identified.
berstein, 1996). In contrast to the cytosol, the ER lumen We now show that TCRa is destroyed via a pathway
provides an oxidizing environment (Hwang et al., 1992) that involves dislocation of the TCR from the ER, pro-
that allows the formation of intra- and interchain disul- gressive deglycosylation, and proteasomal proteolysis.
fide bridges, often essential for the structural integrity
of the polypeptides that are folded there (Braakman et Results
al., 1992). Furthermore, the ER harbors enzymes that
catalyze co- and posttranslational modifications as well TCRa Chains Recovered from COS Cells
as molecular chaperones that guide folding (Hammond Are Heterogeneous in the Number
and Helenius, 1995). Prior to egress from the ER, newly of N-Linked Glycans
synthesized polypeptides are subject to quality control: We studied the intracellular fate of TCRa chains (Figure
partially folded proteins and misfolded aggregates are 1A) transiently expressed in COS cells. COS cells do
retained and eventually degraded (Bonifacino and Klaus- not endogenously express TCR subunits and therefore
ner, 1994; Brodsky and McCracken, 1997). The assem- have served in numerous studies as an experimental
bly of many multisubunit complexes must be monitored system not only to investigate the conditions required
in the ER to ensure that only structurally and functionally for surface expression of the TCR±CD3 complex (Hall
intact complexes are released to their final destination. et al., 1991; Wileman et al., 1993) but also to resolve the
The T cell receptor for antigen (TCR), a complex struc- molecular determinants for rapid degradation of free
ture that consists of at least six polypeptides (TCRa, b, TCR subunits (Bonifacino et al., 1989, 1990a; Wileman
CD3g, d, e, z), must be assembled properly in the ER to et al., 1991).
reach the cell surface (Klausner et al., 1990; Terhorst et COS cells transfected with TCRa HA1.7 cDNA (Hewitt
al., 1995). Subunits that fail to join the receptor complex et al., 1992) were labeled metabolically for 30 min and
are retained in a pre-Golgi compartment and degraded. subsequently lysed in Nonidet-P40 (NP40) lysis buffer.
Therefore the TCR has served as a paradigm not only TCRa molecules were recovered by immunoprecipita-
tion using the H36 antibody, a polyclonal antiserumfor analysis of the biogenesis of multimeric membrane
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TCRa expressed in COS cells was heterogeneous in
molecular weight and consisted of one major and five
minor polypeptides (20±38 kDa; Figure 1A). The 38 kDa
polypeptide represents the fully glycosylated TCRa
chain and clearly is the predominant species. The upper
five polypeptides collapsed to a single polypeptide of
30 kDa, which represents the full-length TCRa chains
void of attached N-linked glycans (numbers of glycans
are indicated). An EndoH-resistant polypeptide of 20
kDa was identified as a fragment of TCRa, since it could
be recovered by the R284 antiserum upon reimmuno-
precipitation from fully denatured primary immunopre-
cipitations. The exact position of this fragment within
the TCRa sequence has not been established. In view of
its size, it is too large to be devoid of an N-glycosylation
consensus site: the largest contiguous stretch of poly-
peptide within the primary structure of TCRa HA1.7 that
lacks an N-glycosylation consensus site is 123 residues
long (estimated molecular weight 13.5 kDa) (Figure 1B).
We surmise that the 20 kDa polypeptide is a partial
breakdown fragment, produced by the concerted action
of N-glycanase(s) and protease(s) (see below). The im-
Figure 1. Heterogeneity of TCRa Expressed in COS Cells
munoprecipitates obtained from the cells and from the
(A) Immunoprecipitates of TCRa, either expressed in ZL3H-treated
in vitro translation reaction performed in the presenceCOS cells or translated in vitro in the presence or absence of micro-
of microsomes did not differ in their mobility when runsomes, were mock-treated or digested with EndoH as indicated.
in SDS-PAGE. Notably, the extent of heterogeneity inThe number of N-linked glycans attached to TCRa (0±4) is marked.
re-IP, reimmunoprecipitations. glycosylation is substantially greater for TCRa ex-
(B) Schematic representation of TCRa (HA1.7). N-Glycosylation sites pressed in COS cells. Moreover, the 20 kDa fragment
and positively charged residues (arginine and lysine) within the was absent from TCR translated in vitro.
transmembrane region are indicated.
raised against SDS gel-purified TCRa, which recognizes Degradation of the TCRa Chain
Is Blocked by Lactacystinhuman TCRa in a conformation-independent manner
(Fabbi et al., 1985). To eliminate the possibility of con- To investigate the role of the proteasome in the degra-
dation of TCRa, we compared the stability of newlytamination with polypeptides noncovalently associated
with TCRa, we performed a round of reimmunoprecipita- synthesized TCRa polypetides in a pulse-chase experi-
ment performed with cells exposed to lactacystin, antion using the conformation-independent polyclonal
anti-TCRa antiserum R284. The antiserum was raised inhibitor of proteasomal proteolysis (Fenteany et al.,
1995). Transfectants were pulse-labeled for 10 min andagainst bacterially expressed HA1.7 TCRa, the same
subunit used in transfection experiments. An aliquot of chased in the absence or presence of lactacystin (Figure
2A). TCRa was recovered from cell lysates prepared inthe reimmunoprecipitated TCRa was digested with en-
doglycosidase H (EndoH) to examine the glycosylation NP40 lysis buffer using the anti-H36 antibody. Prior to
analysis by SDS-PAGE, aliquots of the immunoprecipi-state of TCRa. EndoH cleaves the high-mannose N-linked
glycans found on ER resident proteins, the loss of which tates were treated with EndoH to determine the number
of N-linked glycans attached to the TCRa chain andresults in a polypeptide with a faster mobility in SDS-
glycine±polyacrylamide gel electrophoresis (SDS-PAGE). to monitor the possible egress of this polypeptide from
the ER.Modification of glycans in the medial Golgi results in
resistance to EndoH, and these features can be there- The sensitivity of TCRa toward EndoH treatment
throughout the entire chase period demonstrates itsfore used as a criterion for ER retention. TCRa HA1.7
expressed in COS cells displayed full EndoH sensitivity. complete retention in the ER. In the absence of lactacys-
tin, the amount of TCRa recovered gradually decreased,The products obtained in COS cells were compared with
TCRa obtained by in vitro translation. To score for the illustrating its instability when expressed in the absence
of the other TCR subunits (Bonifacino et al., 1989). How-cleavage of the signal peptide, TCRa was translated
both in the absence (no signal sequence cleavage) and ever, as revealed by radiometric quantitation of the band
intensities, the rate of breakdown was substantiallypresence (membrane insertion, signal sequence cleav-
age, and glycosylation) of microsomes, followed by di- lower in the presence of lactacystin (Figure 2B) or car-
boxybenzyl-leucyl-leucyl-leucinal (ZL3H) and carboxy-gestion with EndoH. Cleavage of the signal sequence,
indicative of proper cotranslational translocation and benzyl-leucinyl-leucinyl-leucinyl vinylsulphone (ZL3VS)
(Wiertz et al., 1996b) (data not shown). The structurallyinsertion into the ER membrane, occurred in COS cells,
as shown by the difference in the SDS-PAGE mobility distinct compounds lactacystin (Figure 2A), ZL3H, and
ZL3VS all block proteasomal proteolysis (M. Bogyo etof EndoH-digested TCRa translated either in the pres-
ence or absence of microsomes, as compared to COS al., unpublished data) and have a similar inhibitory effect
on TCRa turnover.cell±derived material.
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Figure 2. Degradation of TCRa Slows Down
in the Presence of Lactacystin
(A) TCRa obtained from pulse-labeled COS
cell transfectants exposed to lactacystin are
compared to control cells at different chase
times (as indicated). Immunoprecipitates
were digested with EndoH as indicated.
(B) The stability of TCRa increases drastically
in the presence of lactacystin as revealed by
quantitation of relative band intensities
from (A).
We therefore conclude that the proteasome is in- In lactacystin-treated cells, the nonfractionated sam-
volved in the degradation of TCRa subunits retained in ple and the 1,000 3 g sedimented fraction displayed
the ER. all five full-length, differentially glycosylated forms of
TCRa. The 10,000 3 g pellet was highly enriched for the
fully glycosylated form but devoid of the nonglycosyl-
A Soluble, Nonglycosylated Form of TCRa
ated 30 kDa full-length form and the 20 kDa fragment.Can Be Stabilized in the Presence
The latter two polypeptides were recovered from theof Lactacystin and ZL3H
100,000 3 g supernatant and are therefore soluble. TheirThe TCRa subunit is a type I membrane protein and
absence from the 10,000 3 g pellet fraction, which con-must be dislocated from the ER into the cytosol to gain
tains ER-derived microsomes and consequently luminalaccess to the proteasome. We therefore addressed the
soluble proteins, renders a luminal origin of the 30 andsubcellular location of the different forms of TCRa. Met-
20 kDa forms of TCRa unlikely and suggests a cytosolicabolically labeled transfectants were subjected to sub-
location. Furthermore, the undetectability of these twocellular fractionation (see Experimental Procedures).
polypeptides in the homogenate of cells not treated withThree particulate fractions were prepared: a 1,000 3 g
the proteasome inhibitor indicates their susceptibility tosediment that contained mainly nuclei and membranes
degradation by the proteasome.and also 30% of the cytosolic enzyme lactate dehydro-
We performed a similar subcellular fractionation ex-genase activity (data not shown), a 10,000 3 g pellet,
periment using COS cells transfected with the cDNA ofand a 100,000 3 g pellet. TCRa was recovered from the
either TCRa or gp34. The latter is a type I membranenonfractionated homogenate, the individual particulate
glycoprotein encoded by the murine cytomegalovirus,fractions, and the cytosol (100,000 3 g supernatant) by
retained in the ER unless complexed with class I mole-immunoprecipitation using the H36 antibody and was
cules (Kleijnen et al., 1997). Both cDNAs had beenanalyzed by SDS-PAGE. EndoH-digested aliquots
cloned into the same expression vector using the sameserved as a control for assessment of the glycosylation
status of TCRa (Figure 3). cloning sites to ensure comparable levels of expression.
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Figure 3. Stabilization of Soluble and Cyto-
solic Intermediates in the Presence of Lacta-
cystin
TCRa was recovered by immunoprecipitation
from indicated subcellular fractions of control
cells (30 min pulse and 2 hr chase) or cells
exposed to lactacystin. Samples were di-
gested with EndoH as shown. NRS, back-
ground material recovered from unfraction-
ated homogenate using normal rabbit serum.
We used gp34 as a control because it is a type I mem- homogenate of the TCRa transfectants (Figures 4C and
4D). Whereas these proteins could be recovered frombrane protein of similar size and possesses three
N-linked glycans, similar to TCRa. the particulate fractions, we could not detect any class
I molecules or b2m molecules in the 100,000 3 g super-Transfectants were treated with ZL3H and labeled
for 30 min, and cell homogenates were prepared and natant. This is consistent with the suggestion that this
fraction is not contaminated to a significant extent withfractionated as described above. TCRa and gp34 were
recovered from the NP40 lysates of the individual frac- soluble, organelle-enclosed luminal contents. We thus
consider the 100,000 3 g supernatant fraction to betions as well as unfractionated homogenates using the
H36 antiserum and the polyclonal antibody R123, which cytosolic and conclude that a nonglycosylated form of
the TCRa chain, processed in the lumen of the ER byonly recognizes free (i.e., uncomplexed) gp34 retained
in the ER (Kleijnen et al., 1997). Analysis of the immuno- signal peptidase (as shown in Figure 1), can be recov-
ered from the cytosol when proteasomal proteolysis isprecipitates by SDS-PAGE again revealed the presence
of the nonglycosylated form of TCRa in the 100,000 3 impaired (Figures 3 and 4A).
g supernatant. gp34 was absent from this fraction but
could be recovered from the particulate fractions (Fig-
Partially Glycosylated TCRa Are Deglycosylatedures 4A and 4B).Therefore, the occurrence of the soluble
Breakdown IntermediatesTCRa polypeptides is a property characteristic of TCRa
The removal of N-linked glycans by N-glycosidase ac-in the process of degradation. Gp34, which does not
tivity results in the conversion of asparagine to aspartateundergo this fate, is altogether absent from the
upon hydrolysis of the glycoamide bond. This is accom-100,000 3 g supernatant (cytosol).
panied by a decrease in the isoelectric point of the af-As a further control, we also immunoprecipitated
fected protein through introduction of a negative chargeproperly folded class I molecules and soluble free
(Tarentino and Plummer, 1994).An N-glycanase±mediatedb2-microglobin (b2m) from the individual fractions of the
deglycosylation event can thus be visualized by isoelec-
tric focusing (Wiertz et al., 1996a). To test whether TCRa
breakdown intermediates could be N-glycanase reac-
tion products, we analyzed H36 immunoprecipitates
from cell lysates by two-dimensional gel electrophoresis
(first dimension, isoelectric focusing;second dimension,
SDS-PAGE) (Figure 5). The isoelectric point of the indi-
vidual TCRa decreased in a stepwise fashion with de-
creasing number of glycans. The identity of the more
basic satellite spots seen for each of the partially degly-
cosylated TCRa polypeptides remains to be estab-
lished. While the fully glycosylated TCRa and the forms
having lost one, two, or three glycans could be readily
identified, we have not yet been able to visualize the
soluble full-length polypeptide containing no N-linked
glycans.The presence of other, yet tobe identified modi-
fications may preclude its visualization by this tech-
nique. In conclusion, fully glycosylated TCRa progres-
sively loses its N-linked glycans in an N-glycanase
reaction, prior to breakdown by the proteasome and
possibly other proteases.
Figure 4. Subcellular Fraction of TCRa, gp34, Class I Molecules,
and b2m
Labeled cells, either transfected with TCRa (A, C, and D) or gp34 Only the Fully Glycosylated Polypeptide Is Protected
(C) were exposed to ZL3H and subjected to subcellular fractionation from Trypsin Digestion in the Absence
as described. Immunoprecipitations were performed with (A) the
but Not in the Presence of Detergentanti-TCRa antiserum H36, (B) the anti-gp34 antiserum R123, (C)
To explore the topology of the breakdown intermedi-the monoclonal anti±class I antibody W6/36, and (D) a polyclonal
antiserum raised against b2m. ates, a fraction of which remains sedimentable, we
Cytosolic Degradation of TCRa
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Figure 6. Only Fully Glycosylated TCRa Is Completely Resistant to
Trypsin Digestion
Transfectants exposed to ZL3H were labeled for 30 min. TCRa was
immunoprecipitated from a cell homogenate digested with trypsin
at increasing concentrations and subjected to SDS-PAGE. Where
indicated, membranes were solubilized with NP40 prior to protease
treatment. The number of glycans attached to TCRa is marked. The
polypeptide with a slightly highermobility thandeglycosylated TCRa
and EndoH-digested TCRa represents a background polypeptide,
Figure 5. Progressive Deglycosylation of TCRa by N-Glycanases
not related to TCRa (see also Figures 3 and 4A).
TCRa recovered from metabolically labeled cells (30 min pulse) that
had been preexposed to ZL3H was analyzed by two-dimensional gel
electrophoresis (first dimension, isoelectric focusing [IEF]; second
suggest that partially deglycosylated TCRa may main-dimension, SDS-PAGE). The number of N-linked glycans attached
tain some form of membrane association, while beingto the TCRa polypeptides (1±4) is indicated. The position of the TCRa
polypeptides was determined by comparison with two-dimensional accessible from the cytosolic side. While the location
gels from normal rabbit serum immunoprecipitates. Whereas the of N-glycanase in mammalian cells has been reported to
major spots assigned to the TCRa correspond to the differentially be largely cytosolic (Suzuki et al., 1994), it is conceivable
glycosylated polypeptides, the identity of the more basic satellite
that these reactions may occur at least in part on thespots observed for each partially glycosylated TCRa remains to be
cytosolic face of the ER membrane itself.established.
Discussion
performed a protease-protection experiment. Upon ex-
posure of a cell homogenate to a protease, only the In the present study we followed the intracellular fate
of single, uncomplexed TCRa chains expressed in themembrane-enclosed (i.e., the luminal) domain of the
TCRa chain should be protected from proteolysis, while absence of related TCR subunits. ER retention and sub-
sequent breakdown of TCRa is one of the best-studiedcytosolically disposed stretches of the polypeptide
should be susceptible to proteolytic attack (Blobel and examples of ER-associated protein degradation (Boni-
facino et al., 1989, 1990b; Wileman et al., 1990), butDobberstein, 1975).
TCRa transfectants were metabolically labeled and neither the exact location where proteolysis occurs nor
the proteases involved have been identified.disrupted mechanically (see Experimental Procedures).
Microscopical inspection of the homogenate revealed A puzzling aspect of protein breakdown in the ER has
been the paradox that misfolded polypeptides must beno remaining intact cells. Equal amounts of the homoge-
nate were digested for 30 min at 308C with increasing eliminated from the same compartment that provides
the environment for folding of nascent polypeptides.concentrations of trypsin, as indicated (Figure 6). As a
control, membranes were solubilized in 0.5% NP40 prior These seemingly conflicting processes may be recon-
ciled by sequestrationof folding and proteolysis: insteadto trypsin treatment such that the TCRa polypeptides
become susceptible to proteolysis. of being destroyed in the ER, misfolded proteins may
be selectively dislocated from the ER into the cytosol,Upon incubation with the protease, intermediate
forms as well as fully deglycosylated TCRa were sensi- where they become an easy target for degradation. We
propose that single TCRa subunits are removed fromtive to proteolysis with increasing concentrations of
trypsin. However, fully glycosylated TCRa remained en- the ER following this pathway. The mechanism involved
is similar to that recently described for the purging oftirely protected from degradation even at the highest
concentration of trypsin (50 mg trypsin/ml) when all other another type I membrane protein, the MHC class I heavy
chains from cells expressing the human cytomegalovi-TCR species were destroyed. The resistance of fully
glycosylated TCRa to trypsin is most likely due to mem- rus US2 or US11 products, but occurs in the absence
of such viral accessories (Figure 7).brane insertion since resistance to trypsin treatment was
lost when the homogenate was solubilized in 0.5% NP40 We offer four arguments in favor of dislocation of
TCRa to thecytosol. First, the breakdown of TCRa slowsprior to digestion. Therefore, we conclude that only the
fully glycosylated form of TCRa is properly inserted into down in the presence of lactacystin, ZL3H, and ZL3VS,
inhibitors of proteasomalproteolysis. Second, we identi-the ER membrane. Breakdown intermediates are prote-
ase-accessible and must therefore be cytosolically ex- fied two breakdown intermediates that failed to sedi-
ment at 100,000 3 g and are therefore cytosolic. Bothposed. Because only the fully deglycosylated TCRa is
recovered in the 100,000 3 g supernatant, these results polypeptides were devoid of N-linked glycans and could
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partial proteolysis of IkBa through the proteasome
shows that proteasomal proteolysis must not necessar-
ily go to completion and can result in digestion products
of appreciable size, even with retention of biological
activity (Chen et al., 1996). Thus the 20 kDa fragment
could be a product of partial proteasomal degradation,
but we cannot exclude the involvement of other cyto-
solic proteases.
Earlier studies addressing the turnover of misfolded
TCRa relied mostly on the use of TCRa-specific mono-
clonalantibodies to track theTCRa subunit in thecourse
of degradation (Lippincott-Schwartz et al., 1988; Boni-
facino et al., 1989, 1990a, 1990b; Wileman et al., 1990).
It is possible that such antibody reagents do not react,
or do so only poorly, with breakdown intermediates of
the type identified here. For dislocated class I molecules
Figure 7. Model for the Degradation of TCRa (Wiertz et al., 1996a, 1996b), we have obtained evidence
that reduction of the intrachain disulfide bonds precedesTCRa is progressively dislocated from the ER into the cytosol via
a proteinaceous channel. N-Glycanases remove N-linked glycans N-glycanase digestion (D. Tortorella and H. L. P., unpub-
from cytosolically exposed polypeptides which finally become the lished data). Intermediates of TCRa are likely to be fully
target of proteasomal destruction. The 20 kDa fragment corre- reduced and unfolded when they have reached the cyto-
sponds to a partial digestion product of proteasomal proteolysis.
sol. They could be poorly reactive with monoclonal anti-
bodies specific for cell surface±displayed forms of
TCRa. Differential reactivity of properly folded class Ibe stabilized only in the presence of lactacystin or the
molecules and free class I heavy chains with monoclonalpeptide aldehyde ZL3H. Properly conformed class I mol-
antibodies is a clear precedent that illustrates this pointecules as well as free b2m synthesized by the COS cell
(Machold and Ploegh, 1996; Stam et al., 1986). For simi-transfectants could not be found in the supernatant frac-
lar reasons, the use of chimeric constructs in which thetion, nor could the murine cytomegalovirus±encoded
luminal portion of the TCRa has been replaced by atype I membrane protein gp34. Third, we found evidence
luminal domain of a reporter protein such as the a chainthat the partially deglycosylated breakdown intermedi-
of the interleukin-2 receptor (Bonifacino et al., 1990a,ates are the products of progressive N-glycanase diges-
1990b) may also preclude detection of intermediates oftion, an activity reported to be cytosolic (Suzuki et al.,
the type described here. The use of polyclonal sera,1994). Fourth, we showed that even partially deglycosy-
raised against denatured purified TCRa subunits (Fabbilated TCRa is accessible to proteases added to crude
et al., 1985) and against bacterial inclusion bodies of thehomogenates, whereas fully glycosylated TCRa remains
same clonotypic subunit used for transfection, allowed
refractory to protease attack, unless detergent is added
detection of these TCRa intermediates.
to eliminate the protection afforded by the membranes.
We think it is significant that the 1,000 3 g sediment,
Combined, these data argue against a purely luminal
containing nuclei and large cellular debris, contains all
degradation pathway and instead indicate a breakdown of the breakdown intermediates, whereas the 10,000 3
route that includes dislocation of TCRa into the cytosol, g pellet does not. The nuclear envelope is contiguous
followed by degradation. with the ER, and in all likelihood considerable amounts
It is particularly noteworthy that even partially degly- of ER cosediment at 1,000 3 g. This so-called nuclear
cosylated TCRa is accessible to trypsin when added to fraction is usually discarded in subcellular fractionation
a homogenate. This observation implies that carbohy- experiments (Scallen et al., 1981; Walter and Blobel,
drates attached to the polypeptide chain do not pose 1983), at the peril of disregarding potentially useful infor-
a major obstacle to the dislocation reaction and con- mation. We have previously shown that misfolded MHC
firms that the N-glycanase activity is indeed cytosolic. class I molecules may be relegated to a morphologically
Some of the intermediates retain a certain measure of distinct, specialized compartment, derived from the ER
membrane association, since they can be recovered and characterized by the presence of the ubiquitin-acti-
from the 1,000 3 g pellet, yet topologically these inter- vating enzyme E1 and ubiquitin itself (Raposo et al.,
mediates are cytosolically disposed. These observa- 1995). The dislocation reaction itself may be confined
tions are reminiscent of those reported for the destruc- to specialized areas of the ER, which could be enriched
tion of misfolded carboxypeptidase Y in yeast (Hiller et in those ER segments that are located in close proximity
al., 1996), with the exception that ubiquitin-conjugated of or are contiguous with the nuclear envelope. This
intermediates remain to be identified in the breakdown possibility remains to be addressed by more direct ex-
of TCRa. periments and in all likelihood must await the reconstitu-
The exact nature of the 20 kDa breakdown product tion of these reactions ina cell-free system. Encouraging
remains to be identified. It is soluble, cytosolic, and steps toward this goal have been reported (McCracken
devoid of N-linked glycans, but too large to be derived and Brodsky, 1996; McGee et al, 1996).
from a stretch of TCRa lacking N-linked glycan attach- The TCRa transmembrane region is unusual in that it
ment sites. It probably constitutes a breakdown interme- contains two charged residues implicated in the rapid
diate, the product of N-glycanases and cytosolic prote- turnover of themembrane-anchored form of TCRa (Bon-
ifacino et al., 1990a, 1990b, 1991). In fact, the abilityases. Activation of the transcription factor NF-kB by
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of the transmembrane segment to serve as a proper little is known about the biosynthesis and fate of pre-
TCR complexes (Groettrup et al., 1993) or of how, inmembrane anchor has been questioned (Shin et al.,
1993). We suggest that these charged residues may thymocytes, the synthesis and turnover of partially as-
sembled TCR complexes are coordinated to allow thefacilitate transfer of TCRa to the proteinaceous and
hydrophilic channelÐpossibly Sec61Ðthrough which display of functional units at the cell surface (Groettrup
and von Boehmer, 1993). Moreover, recent results sug-dislocation may occur. We have so far been unable to
observe intermediates involving the Sec61 complex and gest that developing thymocytes may not necessarily
use the mechanisms of quality control used by otherTCRa, analogous to what was observed for class I
turnover in US2-positive cells (Wiertz et al., 1996b). cell types studied; the display at the cell surface of the
otherwise ER-resident protein calnexin and the escapeNot all proteins may allow visualization of such dy-
namic interactions, nor is it clear that the involvement of partial TCR complexes to the cell surface are vivid
illustrations of this point (Wiest et al., 1995, 1997). De-of Sec61 would apply equally to all proteins dislocated
from the ER. tailed insights in the biogenesis of the TCR, including
disposal of unwanted or redundant subunits, will beThe degradation route described here fits well with
recent genetic data in yeast, where a misfolded form of needed to understand fully these processes. Moreover,
if cells in the thymus engage more generally in the typethe luminal enzyme carboxypeptidase Y is removed from
the ER and destroyed in a manner that requires an intact of protein turnover described here, peptides derived
from the luminal portions of membrane proteins couldproteasomal pathway (Hiller et al., 1996). This observa-
tion is consistent with cytosolic destruction of misfolded be presented by class I molecules and contribute to T
cell selection, as do peptides derived from bona fidecarboxypeptidase Y, although no soluble intermediates
were reported. Similarly, degradation of mutant a1-anti- cytosolic proteins.
trypsin is affected by interference with proteasomal pro-
Experimental Proceduresteolysis and has been reported to include transfer to the
cytosol (Werner et al., 1996). Moreover, it is in agreement
Tissue Culture and Transfectionwith the scheme proposed for the destruction of class
The monkey kidney cell line COS-1 (American Type Culture Collec-
I heavy chains in cells expressing US2 or US11 (Wiertz tion, Rockville, MD) was cultured in Dulbecco's modified Eagle's
et al., 1996a, 1996b). This model is consistent with re- medium (DMEM) supplementedwith 10% (v/v) fetal calf serum. Lipo-
some-mediated transient transfection was performed using lipofec-sults from experiments examining the breakdown of
tamine (Gibco±BRL, Gaithersburg, MD) according to the manufac-ER-arrested, misfolded cystic fibrosis conductance reg-
turer's instructions. In brief, 18 hr before transfection, 2.25 3 106ulator, a process that can be blocked by inhibitors of
cells were plated onto a culture dish (diameter 10 cm). Immediatelyproteasomal proteolysis and in which ubiquitin-conju-
prior to transfection, cells were washed once in OptiMEM (Gibco±
gated intermediates have been observed (Ward et al., BRL). Cells were transfected using 16 mg of DNA and 50 ml of
1995). A similar situation applies to the breakdown of a lipofectamine per dish dissolved in a total volume of 8 ml serum-
free medium (OptiMEM). Five hours after transfection, 8 ml of DMEMmutant component of the yeast Sec61 complex itself
supplemented with 20% (v/v) fetal calf serum was added to the(Biederer et al., 1996). We have thus far failed to detect
cells. Cells were harvested 26 hr after transfection.ubiquitin-conjugated intermediates of TCRa, and in-
volvement of the ubiquitin pathway in degradation of
Vectors and cDNA
TCRa therefore remains an open question. The cDNA encoding the HA1.7 TCRa chain was kindly provided by
The present scheme for purging the ER of misfolded Dr. M. Owen (Hewitt et al., 1992) and was subcloned using the
EcoRI and XhoI restriction sites of the eukaryotic expression vectorproteins is yet another example of how topological barri-
pcDNA3 (Invitrogen, Carlsbad, CA). For in vitro transcription, theers between intracellular compartments may be crossed
cDNA was cloned into pSP72 (Promega, Madison, WI) under the(Brodsky and McCracken, 1997). There is an emerging
control of the T7 promoter using the EcoRI and XhoI restriction
consensus that the distinctions between proteolysis of sites. The cDNA encoding gp34 was cloned as described (Kleijnen
proteins in the cytosol and in the vacuolar system, as et al., 1997).
relevant for MHC class I± and class II±restricted antigen
Antibodies and Reagentspresentation respectively, are breaking down. In the
The antiserum raised against the human TCRa was a gift from Dr.manner described here, the portions of proteins that
O. Acuto (Fabbi et al., 1985). The rabbit antiserum R284 was raisedreside in the ER lumen can readily contribute peptides
against recombinant inclusion bodies of clonotypic HA1.7 TCRa (a
to the cytosol for transporter associated with antigen kind gift from Dr. D. N. Garboczi). The monoclonal anti-human class
processing (TAP)±dependent, class I±restricted antigen I antibody W6/32, the rabbit anti-b2m antiserum, and the rabbit anti-
presentation. The earlier discovery that the N-terminal gp34 antiserum were used in this study (Parham et al., 1979; Neefjes
and Ploegh, 1988; Kleijnen et al., 1997).portions of cleaved signal sequences are released into
Trypsin (TPCK-treated, type XIII from bovine pancreas), trypsinthe cytosol and can be presented by class I molecules
inhibitor (type II-O from chicken egg white), leupeptin, aprotenin,in a TAP-dependent fashion also illustrate this point
and phenylmethylsulfonyl fluoride (PMSF) were purchased from
(Aldrich et al., 1994). Finally, the description of a cyto- Sigma (St. Louis, MO). Recombinant EndoH (EndoHf) and restriction
toxic T lymphocyte epitope derived from tyrosinase is enzymes were purchased from New England Biolabs (Beverly, MA).
35S-Cysteine/methionine-Express-Mix was was purchased fromconsistent with ER-to-cytosol dislocation of tyrosinase,
DuPont±NEN (Boston, MA). ZL3H (50 mM stock dissolved in ethanol)action of N-glycanase, and TAP-dependent transloca-
and lactacystin were used at a final concentration of 20 mM. Synthe-tion of proteasomal digestion products (Skipper et al.,
sis of ZL3H was performed as described (Wiertz et al., 1996a).1996).
Quality control is an important aspect of TCR biogene- Metabolic Labeling
sis (Klausner et al., 1990) and appears to be a process Cells were detached by trypsin treatment and incubated for 1 hr in
cysteine- and methionine-free DMEM in the presence or absenceregulated indevelopment (Kearse et al., 1994). Relatively
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of inhibitors as indicated in the Results section. Next, 2.5 3 106 cells Two-dimensional gel electrophoresis (first dimension, isoelectric
focusing; second dimension 12.5% SDS-PAGE) was performed asper sample (250 ml) were labeled for the indicated times (10 or 30
min) using 50 mCi of 35S labeling mix. Incorporation was terminated described (Mozdzanowski et al., 1995).
by 10-fold dilution in regular DMEM and addition of nonradioactive
cysteine and methionine (1 mM final concentration). Chase periods Acknowledgments
were ended by chilling the cells on ice, followed by lysis or homoge-
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In vitro transcription was performed using T7 RNA polymerase (Pro- lactacystin. We thank Domenico Tortorella and Matt Bogyo and all
mega, Madison). The RNA was equipped with a G-59-ppp-59-N cap present laboratory members for helpful discussions. J. B. H. is a
(Promega) and was stored in water at 2808C. The optimal amount fellow of the Boehringer Ingelheim Fonds (Stuttgart, Germany). This
of RNA for translation was determined empirically. Before its use in work was supported by a grant from the National Institutes of Health
translations, the RNA was heated (808C) for 2 min and subsequently (1 PO1 AI 37833±01).
chilled on ice.
In vitro translations were performed as described elsewhere (Bijl-
Received April 2, 1997; revised May 15, 1997.makers et al., 1994) fortimes indicated in the Results section. Reticu-
locyte lysate that had not been supplemented with DTT (Flexi) was
purchased from Promega. Microsomes were prepared from dog References
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